Amino-terminal tails of histones are targets for diverse post-translational modifications whose combinatorial action may constitute a code that will be read and interpreted by cellular proteins to define particular transcriptional states. Here, we describe monomethylation of histone H3 lysine 23 (H3K23me1) as a histone modification not previously described in plants. H3K23me1 is an evolutionarily conserved mark in diverse species of flowering plants. Chromatin immunoprecipitation followed by high-throughput sequencing in Arabidopsis thaliana showed that H3K23me1 was highly enriched in pericentromeric regions and depleted from chromosome arms. In transposable elements it co-localized with CG, CHG and CHH DNA methylation as well as with the heterochromatic histone mark H3K9me2. Transposable elements are often rich in H3K23me1 but different families vary in their enrichment: LTR-Gypsy elements are most enriched and RC/ Helitron elements are least enriched. The histone methyltransferase KRYPTONITE and normal DNA methylation were required for normal levels of H3K23me1 on transposable elements. Immunostaining experiments confirmed the pericentromeric localization and also showed mild enrichment in less condensed regions. Accordingly, gene bodies of protein-coding genes had intermediate H3K23me1 levels, which coexisted with CG DNA methylation. Enrichment of H3K23me1 along gene bodies did not correlate with transcription levels. Together, this work establishes H3K23me1 as a so far undescribed component of the plant histone code.
INTRODUCTION
Histones are small, highly basic proteins. Two pairs of H3, H4, H2A and H2B make up an octamer, around which about 147 bp of DNA are wrapped to build up the basic unit of chromatin -the nucleosome. Histones carry diverse covalent post-translational modifications (PTMs) such as acetylation, phosphorylation, methylation, ubiquitination and ADP-ribosylation (Bannister and Kouzarides, 2011) . These dynamic and often evolutionarily conserved modifications act in combination to establish distinct chromatin states (Jenuwein and Allis, 2001) . Histone PTMs can be read and interpreted by specific proteins, which Depending on the target lysine and the degree of methylation, this histone PTM can be associated with active or inactive genes and can have different cytological localizations (Liu et al., 2010a) . Although these patterns are often conserved, the function or localization of histone PTMs can differ between different groups of eukaryotes. In mice, for example, H3K9me3 and H4K20me3 are most abundant in condensed heterochromatin and are associated with gene silencing whereas H3K9me1 and H3K9me2 are enriched in euchromatin (Loidl, 2004) . In contrast, in Arabidopsis H3K9me3 and H4K20me3 are located in euchromatin and associated with gene expression (Charron et al., 2009) while H3K9me1 and H3K9me2 are localized in heterochromatin and associated with gene silencing (Fransz et al., 2006) . Histone lysine methylation has important roles in many biological processes including control of transcription, cell-cycle regulation, DNA damage and stress responses, heterochromatin formation and X-chromosome inactivation (Martin and Zhang, 2005; Greer and Shi, 2012) .
The homeostasis of the methylation on histone lysines is maintained by histone lysine methyl transferases (HKMT), which catalyze the transfer of methyl groups from S-adenosylmethionine to the ɛ-amino group of lysine, and by histone demethylases, which remove the methylation mark (Liu et al., 2010a; Black et al., 2012) . Deposition of H3K9me2 in Arabidopsis, for instance, is catalyzed by the SET domain protein KRYPTONITE (KYP) (Jackson et al., 2004) . Once established, methylated lysines constitute landmarks for recognition by the aromatic cages of proteins with methyl-binding domains (Taverna et al., 2007) such as PHD fingers, WD40 repeats, CW domains (Hoppmann et al., 2011) , PWWP domains, ankyrin repeats (Collins et al., 2008) , chromodomains, double chromodomains, chromobarrels, Tudor domains, double or tandem Tudor domains and MBT repeats. These protein readers often recruit additional protein complexes to perform functions such as gene silencing (Greer and Shi, 2012) .
The addition of a methyl group to cytosine bases of the DNA to form 5-methylcytosine, referred to as DNA methylation, is another layer of epigenetic control that can stabilize repressed chromatin domains. DNA methylation occurs in both prokaryotes and eukaryotes. Although absent in budding and fission yeast as well as in Caenorhabditis elegans, this mark is prominent in fungi, plants and vertebrates (He et al., 2011) . In plants, DNA methylation occurs in the contexts of CG, CHG and CHH (H = A, C, or T) and is highly abundant in pericentromeric regions as well as other repetitive elements. DNA methylation in the CG sequence context also occurs in the transcribed region of nearly one-third of expressed Arabidopsis genes (Law and Jacobsen, 2010) . Several studies have revealed the complex relationship between DNA methylation and histone PTMs. In Arabidopsis, loss of the DNA methyltransferase MET1 causes a significant reduction of H3K9me2 at heterochromatic loci. Conversely, the reduction of the H3K9me2 levels in kyp mutants causes hypo-methylation on many transposable elements (Zhou, 2009) . In vitro assays have revealed the binding of KYP to CG methylated DNA via its SRA (SET and RING associated) domain (Johnson et al., 2007) . Moreover, once H3K9me2 has been established by KYP, it can act as a binding site for the DNA methyltransferases CMT3 and CMT2, which methylate cytosines in CHG or CHH contexts, respectively (Law and Jacobsen, 2010) . Furthermore, genome-wide profiling has revealed a strong correlation between DNA and H3K9 methylation (Bernatavichute et al., 2008) . In addition, it was found that DNA methylation coexists not only with H3K9me2 but also with H4K20me1, H3K27me1 and H3K27me2 (Roudier et al., 2011) . This suggests that DNA and histone lysine methylation cooperate in transcriptional gene regulation.
Despite detailed knowledge about many histone PTMs, new modifications are continuously being discovered, demonstrating the limitations of current knowledge (Chen et al., 2007; Fujiki et al., 2011; Tan et al., 2011) . Compared with yeast and animals, the histone PTMs in plants are even less well defined. For an in-depth understanding of chromatin function and for future modeling approaches, comprehensive lists of histone PTMs need to be established, at least for model organisms. In a previous study we used high-sensitivity mass spectrometry to search for additional PTMs on the amino-terminal tail of plant H3. We identified H3K36ac, which had not yet been characterized in plants (Mahrez et al., 2016) . Here, we describe H3K23me1 as a plant histone PTM. H3K23me1 is evolutionarily conserved among flowering plants. It is highly enriched in heterochromatin but is also found on some euchromatic coding genes. KYP is required for full accumulation of H3K23me1. In addition, H3K23me1 was found to depend on DNA methylation.
RESULTS

The histone modification H3K23me1 exists in plants
In a previous publication (Mahrez et al., 2016) we reported the combination of high-throughput techniques to detect and characterize PTMs in H3 in plants, using Brassica oleracea. The manual validation of the results confirmed the identification of H3K23me1, which had not been previously described in plants. The tandem mass spectrometry (MS/ MS) electron transfer dissociation spectrum of the ArgCdigested histone H3 in Figure 1 shows the c and z fragmentation ions obtained for the peptide KQLATK(me1)AAR (observed mass at m/z 334.2138) in its triply charged form, which allowed to unequivocally identify a monomethylation in lysine 23 of H3. Importantly, we were also able to detect the corresponding lysine 23 carrying an acetylation on other H3 peptides ( Figure S1 in the Supporting Information), confirming that this residue can be either methylated or acetylated. In a previous report using human NIH3T3 cells, H3K23 was found to be mono-, di-or trimethylated (Liu et al., 2010b) . Similarly, H3K23me1, H3K23me2 and H3K23me3 were found in C. elegans ( Vandamme et al., 2015) . In our mass spectrometry study with plant histones we only detected the monomethylated form.
To verify the mass spectrometry results and confirm the existence of the histone modification, a commercial polyclonal anti-H3K23me1 antibody was used for immunoblotting assays with a histone extract from Arabidopsis thaliana inflorescences. This antibody was previously tested for specificity using peptide arrays as described in Liu et al. (2010b) . A single band at about 17 kDa, corresponding to the size of H3, was obtained ( Figure 2a) . Together, these results confirm the existence of H3K23me1 in Arabidopsis and suggest that this modification is conserved among Brassicaceae.
H3K23me1 is enriched in heterochromatin
To investigate the localization of H3K23me1 in the nucleus, paraformaldehyde-fixed Arabidopsis root-tip nuclei were immunostained using the anti-H3K23me1 antibody. While some H3K23me1 fluorescence signal was present throughout the euchromatic regions, the most intense signal localized to the 4 0 ,6-diamidino-2-phenylindole (DAPI)-dense chromocenters which contain centromeric and pericentromeric heterochromatic sequences (Figure 2b-e) . This observation was similar to the staining pattern observed for the heterochromatic histone mark H3K9me2 (Jackson et al., 2004) , and suggests that H3K23me1 is also mainly targeted to condensed and transcriptionally silent regions.
Genome-wide profiling of H3K23me1
To assess the distribution of the H3K23me1 enrichment along the genome in higher resolution, native chromatin immunoprecipitation (N-ChIP) followed by high-throughput sequencing was performed. Nucleosome density was normalized for by the anti-H3 signal. Plotting of the normalized H3K23me1 signal along chromosomes showed the highest values in the pericentromeric regions ( Figure S2 ). Interestingly, higher levels of H3K23me1 (red line in Figure S2) correlated with a higher density of transposable elements (TEs) (orange line in Figure S2 ). Globally, H3K23me1 was also present along the chromosome arms but at much lower levels.
To analyze the distribution of H3K23me1 in more detail, the signal was plotted along genes and TEs aligned by their transcriptional start site (TSS) and their transcriptional termination site (TTS) or their start and end coordinates, respectively. The analysis extended 2 kb upstream and downstream of the TSS and TTS, respectively, and 4 kb into the gene or TE body. Consistent with immunolocalization to pericentromeric regions, the average H3K23me1 signal was much higher along TEs than along genes ( Figure 3a) . H3K23me1 was present at low levels upstream and downstream of TEs. Within the first 1 kb from the border, the signal steeply increased to a maximum that remained stable in the center of the TE body. Interestingly, H3K23me1 was not restricted to heterochromatic TEs. The distribution profile along genes resembled that along TEs but with a much lower coverage (Figure 3a) .
To test if the enrichment of H3K23me1 towards the center of TEs and genes is a consequence of length, we analyzed the relation between H3K23me1 score and size. A H3K23me1 score was calculated as the average coverage from the 5 0 -to the 3 0 -end of the feature. Genes and TEs shorter and longer than 1 kb were analyzed separately. On average, longer genes and TEs were significantly more enriched than shorter ones (Figure 3b ). Long TEs are mostly present in pericentromeric heterochromatin, whereas short TEs are often spread throughout the genome ( Figure S3 ). To analyze if the positive correlation between size and H3K23me1 enrichment at TEs was a consequence of the chromosomal location, TEs that are located in the pericentromeric heterochromatin were analyzed separately from TEs located elsewhere in the genome. This analysis revealed that, on average, longer TEs carried more H3K23me1 than shorter ones, irrespective of their chromosomal location ( Figure 3b ). This shows that length and pericentromeric location can be independently associated with differential H3K23me1 enrichment. Together, the highest H3K23me1 enrichment was found preferentially on long or pericentromeric TEs.
Because long TEs had the highest H3K23me1 enrichment, we then wondered whether intrinsic characteristics derived from their sequence composition (GC content, (a) Average H3K23me1 enrichment relative to the transcriptional start site (TSS) and transcriptional termination site (TTS) of genes and transposable elements (TEs). TEs were more enriched than genes. In both cases the maximum enrichment was reached towards the inside of the feature body. (b) H3K23me1 enrichment as a function of size and pericentromeric location. Genes and TEs longer than 1 kb (blue) had a higher score than shorter ones (pink). Pericentromeric TEs (Peric.) were more enriched than non-pericentromeric (Non Peric.) ones, irrespective of their size (*P-values from Wilcoxon test < 2.2 9 10 À16 ).
(c) H3K23me1 enrichment across TE families. Members from the different TE families have a characteristic H3K23me1 signature.
density of CG di-nucleotides and length) combined with components of the chromatin scaffold (H3 density, H1 presence and DNA inaccessibility) would explain H3K23me1 enrichment [H3 data from the present manuscript; H1 data from Rutowicz et al. (2015) ; DNA inaccessibility data from Shu et al. (2012) ]. Long TEs were subdivided into 10 classes of increasing H3K23me1 enrichment and correlated with scores of predictor features. The boxplots in Figure S4 (a-f) show that length, H3 score, H1 presence, CG content, DNA inaccessibility and density of CG di-nucleotides were positively correlated with H3K23me1 enrichment at long TEs. Fitting a generalized linear model using all of the predictors as explanatory variables showed that only H1 did not make a significant contribution to explaining H3K23me1 scores at long TEs (P-value = 0.02). Analysis of deviance of a reduced model not including H1 showed that length explains about 80% of the variance, while H3, CG content, DNA accessibility and density of CG di-nucleotides explain only 30% or less (Table S1 ). Together, intrinsic features of long TEs contributed to explain H3K23me1 scores, length being the most prominent. Family annotation of TEs longer than 1 kb showed that H3K23me1 enrichment varied widely within and across the different families (Figure 3c ). DNA, DNA-EN-Spm, LINE-L1, LTR-COPIA, SINE and LTR-Gypsy elements were more enriched than the global TE average score. Among those, LTR-Gypsy elements had the highest enrichment and the largest variation among all analyzed TE families. DNA-HAT, DNA-Harbinger and RC/Helitron elements had an average enrichment below the global TE average. RC/Helitrons had the lowest H3K23me1 score of all TE families. To further characterize the epigenetic state of the family-specific patterns of enrichment observed for H3K23me1, H3K9me2 Z-normalized scores were calculated in a similar fashion. Globally, H3K9me2 enrichment among TE families agreed with the distribution observed for H3K23me1 (Figure S5) . DNA, DNA-EN-Spm, DNA-Harbinger, LINE-L1, LTR-COPIA, SINE and LTR-Gypsy TEs had a higher score than the global average. DNA-HAT, DNA-MuDR and RC/ Helitron TEs scored below the average. Together, members of different TE families had a characteristic H3K23me1 enrichment that resembles H3K9me2, possibly as a consequence of the chromatin signature that regulates their potential to transpose across the genome.
H3K23me1 co-localizes with heterochromatic H3K9me2 at TEs and with euchromatic H3K4me1 at genes Silent TEs are generally targeted by heterochromatic histone marks, whereas transcriptionally active genes are highly enriched in euchromatic marks such as H3K4me1 (Zhang et al., 2009) . Making use of publically available data, we investigated whether H3K23me1 and the typical euchromatic mark H3K4me1 are mutually exclusive.
Unexpectedly, however, the profiles of H3K23me1 and H3K4me1 co-localized along genes ( Figure 4a ). This, however, was not observed for H3K4me3 or H3K4me2 (Figure S6a) . Both these modifications have been found within the first 2 kb downstream of the TSS and are associated with transcription initiation (Zhang et al., 2009) . TEs, in contrast, did not carry any H3K4me1/2/3 but were strongly enriched in H3K23me1 (Figures 4b and S6b) . The profiles of H3K36me2 and H3K36me3, two additional histone marks associated with transcription, were compared with H3K23me1 ( Figure S6c, d) . Profiles of both H3K36me2 and H3K36me3 enrichment differed considerably from the H3K23me1 profile. H3K36me3 has a bimodal distribution along genes. A first peak of enrichment at +629 bp is separated by a slight decrease in signal within the next 1 kb before a pronounced increase towards the central gene body ( Figure S6c ). H3K36me2 reached its maximum of enrichment only on the last 2 kb of the gene body (Figure S6c) . H3K36me2/3 are both depleted from TEs (Figure S6d) .
Consistent with earlier reports (Zhou et al., 2010) , the heterochromatic mark H3K9me2 was found only at TEs (Figure 4b ). H3K9me2 and H3K23me1 were spatially concomitant on TEs (Figure 4b) . Together, these results show that H3K23me1 resembles heterochromatic H3K9me2 along TEs but can also be found along genes, similar to the euchromatic mark H3K4me1. This suggests that H3K23me1 has a major function in heterochromatin at TEs and maybe an additional function on euchromatic genes.
KRYPTONITE affects H3K23me1 enrichment
Because of the co-localization of H3K23me1 and H3K9me2 on TEs and the enrichment of H3K23me1 in heterochromatic chromocenters (Figure 2c ), we tested a potential effect of the H3K9 methyltransferase KYP on the presence of H3K23me1. To this end, we performed N-ChIP followed by sequencing in the kyp-6 mutant background. Indeed, levels of H3K23me1 along TEs were significantly reduced in the kyp-6 mutant ( Figure 5a ). However, H3K23me1 was not completely depleted in the mutant background, arguing against a model where KYP is strictly required for full monomethylation of H3K23. To confirm this observation, the levels of H3K23me1 and H3K9me2 were measured by ChIP-qPCR on three known KYP targets: the transposons Ta1 (LTR/Copia), ATCOPIA4 (LTR/Copia) and AtMu1 (DNA/ MuDR) (Lippman et al., 2003) . As expected, H3K9me2 at all three tested transposons was almost completely lost in kyp-6 (Figure 5b-d) . Accumulation of H3K23me1 in the mutant was reduced by up to half of wild-type levels at the AtMU1 and Ta1 loci (Figure 5b, c) . In contrast, H3K23me1 levels were not significantly reduced at AtCOPIA4 (Figure 5d ). This suggests that the KYP-H3K23me1 interaction is locus-dependent and confirms the requirement of KYP for full H3K23 monomethylation in vivo.
DNA methylation and H3K23me1 are interrelated
DNA methylation at cytosine bases is an important epigenetic modification involved, among other functions, in establishing heterochromatic gene silencing. The functional and mechanistic relationship between DNA methylation and H3K9me2 is well characterized in the silencing of repetitive sequences in pericentromeric regions of the Arabidopsis genome. CG, in particular, has been suggested to form a positive loop with the deposition of H3K9me2 to reinforce silencing (Caro et al., 2012) . To test for co-localization between H3K23me1 and DNA methylation, the average methylation profiles in CG, CHG and CHH contexts were compared with H3K23me1 enrichment. Even though H3K23me1 coexisted with DNA methylation in the three contexts along TEs, their patterns of enrichment were not similar. H3K23me1 reached a maximum only after the first 1 kb of the TE whereas DNA methylation in all three contexts is present immediately downstream of the 5 0 -border up to a level that remains stable until the 3 0 -end (Figure 6a) .
It has been previously shown that in Arabidopsis genes are depleted of CHG and CHH methylation, but approximately one-third of the genes carry CG methylation in the gene body (Zilberman et al., 2007) . Consistent with this, H3K23me1 enrichment was highly correlated with the level of CG methylation towards the inside of gene bodies (Figure 6b ). Next, we tested whether H3K23me1 is preferentially enriched in genes with high gene-body CG methylation as defined by Zilberman et al. (2007) . To avoid confounding effects due to bona fide heterochromatic sequences, genes covered by H3K9me2 were excluded from the analysis, leaving a total of 3532 euchromatic body-methylated genes (Table S2) . CG methylation and H3K23me1 scores were calculated as the average value between TSS and TTS of annotated genes. Figure 6(c) shows that the enrichment of H3K23me1 was significantly and positively correlated with CG DNA methylation (red trend-line; Pearson correlation coefficient = 0.235, P-value < 2.2 9 10 À16 ).
To test whether DNA methylation can affect H3K23me1 enrichment, 10-day-old seedlings germinated on a medium supplemented with 80 lM of the stable DNA methyltransferase inhibitor 1-(b-D-ribofuranosyl)-1,2-dihydropyrimidine-2-one (Zebularine), were used to assess possible changes in the enrichment of H3K23me1. As previously reported (Baubec et al., 2009) , Zebularine released TE silencing ( Figure S7a , c, e), demonstrating the effectiveness of the treatment. To test the effect of the DNA hypomethylation on the level of H3K23me1, ChIP was performed on the treated and untreated samples. H3K23me1 was consistently reduced to about half at all three tested TEs ( Figure S7b , d, f) suggesting that DNA methylation provides a chromatin environment that favors deposition of H3K23me1.
Enrichment of H3K23me1 does not correlate with gene expression
Because H3K23me1 was present not only on TEs but also along some genes, where it coexisted with CG gene body methylation, we wondered whether H3K23me1 was involved in transcriptional repression. To test this hypothesis, we used published transcriptome data (Shu et al., 2012) , which matched age, tissue and harvesting time of the H3K23me1 ChIP-seq data. The H3K23me1 enrichment was similar for all genes, for active genes, for inactive genes and for H3K27me3-silenced Polycomb group target genes (Figure S8 ). Features annotated as TE genes, in contrast, were clearly more enriched ( Figure S8 ). To test if a relation of H3K23me1 and transcription existed for particular H3K23me1 enrichments, expression levels were analyzed for 10 gene classes of different H3K23me1 scores. Interestingly, the highest expression was observed for intermediate H3K23me1 scores, while both the least and the most enriched genes had lower expression levels (Figure 6d ), arguing against a strong direct effect of H3K23me1 on gene expression.
H3K23me1 is a conserved modification in plants
Histones are among the most strongly conserved eukaryotic proteins. H3K23me1 was found previously in mammalian cells (Liu et al., 2010b) , in C. elegans ( Vandamme et al., 2015) and in the ciliate Tetrahymena (Zhang et al., 2012 (b) Acid-extracted histones prepared from tobacco (Nicotiana tabacum), wheat (Triticum spp), rice (Oryza sativa) and spruce (Picea abies) were resolved on a 15% SDS-PAGE gel followed by immunoblotting using the anti-H3K23me1 antibody. Anti-H3 was used as a loading control.
alignment of the first 60 amino acids of H3 from Arabidopsis and several other representative eukaryotes was performed (Figure 7a ), revealing a strong conservation of lysine 23.
To test whether H3K23me1 exists in plant species other than Arabidopsis and cauliflower, bulk histone extracts were obtained from different plant species including mono-and dicotyledonous angiosperms and gymnosperms. The presence of monomethylation at H3K23 was assessed by immunoblotting using the anti-H3K23me1 antibody. A clear band was obtained in all analyzed species (Figure 7b ). These results show that H3K23me1 is a highly conserved modification in seed plants and suggest important biological functional roles for this modification.
DISCUSSION
In the present study we have established H3K23me1 at a histone H3 PTM not previously described in seed plants. H3K23me1 was detected by MS in cauliflower and by immunoblotting in cauliflower, Arabidopsis, tobacco, wheat, rice and spruce. Earlier reports described H3K23me1 in human cell lines, in C. elegans and in Tetrahymena (Liu et al., 2010b; Leroy et al., 2012; Zhang et al., 2012; Papazyan et al., 2014; Vandamme et al., 2015) . It remains to be tested whether H3K23me1 exists in insects, yeast and lower plants. In Arabidopsis, H3K23me1 was highly enriched in heterochromatic chromocenters and long, pericentromeric TEs. This is consistent with the observation that H3K23me1 co-localizes with the heterochromatin marker HP1b in mammals (Liu et al., 2010b) and is bound by mammalian HP1a and HP1b in vivo and in vitro (Liu et al., 2010b; Leroy et al., 2012) . At the genome-wide level, it was also possible to detect H3K23me1 at a lower coverage along Arabidopsis genes. However, levels of enrichment did not correlate with gene expression. Thus, H3K23me1 does not appear to directly affect transcription rates. In both genes and TEs, the highest level of H3K23me1 was reached after the first 1000 bp of the feature body, where it remained stable before steeply decreasing towards the 3 0 end. At the regions of higher H3K23me1 enrichment, it co-localized with the euchromatic mark H3K4me1 in genes and with the heterochromatic mark H3K9me2 in TEs. In C. elegans, H3K23me1 was found together with H3K27me3 on silent PcG target genes ( Vandamme et al., 2015) ; however, we did not see this in Arabidopsis ( Figure S8 ). Different TE families in Arabidopsis have a distinctive enrichment of H3K23me1. In particular, LTR-Gypsy TEs have the highest H3K23me1 score among all families. Similar patterns were observed for H3K9me2. The characteristically high levels of H3K23me1 in those elements suggest that H3K23me1 is part of the chromatin state that reinforces constitutive silencing by H3K9me2. Members of the RC/Helitron family, on the other hand, have the lowest H3K23me1 and H3K9me2 scores.
Helitrons, as actively mutagenic members, may be able to avoid the epigenetic silencing mechanisms in order to retain the potential to transpose across the genome.
In Arabidopsis heterochromatin is marked by H3K9me2 (Jackson et al., 2004) , which is deposited by the HKMT KYP (Jackson et al., 2004) . We tested the relation between H3K9me2 and H3K23me1 using a kyp mutant. Globally, levels of H3K23me1 were reduced in TEs. Measurement of the levels of H3K23me1 and H3K9me2 in silenced loci showed that, in contrast to H3K9me2 which was almost entirely lost in kyp-6, H3K23me1 was reduced to only about 50%. Thus, KYP is needed for full H3K23me1 levels but is not essential for this modification. It is possible that presence of H3K9me2 favors the recruitment of an unknown HKMT that adds H3K23me1 to local chromatin.
In addition to H3K9me2, DNA methylation in all three sequence contexts is another marker of heterochromatin in Arabidopsis (He et al., 2011) . In TEs, H3K23me1 was concomitant with the three different contexts of DNA methylation, whereas along genes it only co-localized with CG methylation. Analysis of the genes that carry CG methylation in the gene body showed a positive correlation between the two marks. These results suggest that H3K23me1 deposition may be related to DNA methylation. To further test whether DNA methylation can recruit H3K23me1, we used an inhibitor of the catalytic activity of DNA methyl transferases. Because the commonly used cytidine analog 5-azacytidine is relatively unstable and often toxic, the more stable and less toxic inhibitor Zebularine is preferred as an efficient means to block DNA methylation (Zhou et al., 2002; Cheng et al., 2003) . This drug has been successfully used in mammals, fungi, ciliates and plants (Cheng et al., 2003; Baubec et al., 2009; Malik et al., 2012) . We used Zebularine to test a potential relationship between H3K23me1 and DNA methylation. Indeed, H3K23me1 was reduced upon Zebularine treatment at the analyzed loci. This suggests that DNA methylation favors monomethylation of H3K23me1. It remains to be tested whether H3K23me1 in turn can recruit DNA methyltransferases as previously shown for H3K9me2 (Du et al., 2012) . Together, H3K23me1 is enriched in heterochromatin in Arabidopsis and depends, at least partially, on undisturbed H3K9me2 and DNA methylation.
EXPERIMENTAL PROCEDURES Plant material and growth conditions
The Arabidopsis thaliana (L.) Heynh wild-type accession Columbia (Col), tobacco (Nicotiana tabacum), wheat (Triticum spp.), rice (Oryza sativa) and Norway spruce (Picea abies) were used. The kyp-6 allele (SALK_041474) (Chan et al., 2006) was obtained from the Nottingham Seed Stock Centre. Seeds were sown on 0.5 9 basal salts Murashige and Skoog (MS) medium (Duchefa, https://www.duchefa-biochemie.com/), stratified at 4°C for 1 day and then transferred to growth chambers for germination at 20°C under long-day (LD, 16-h light) photoperiods for 10 days before being transferred to soil. Wheat and rice were grown in a greenhouse at 22°C and LD. Norway spruce needles were from a wildgrown tree close to Uppsala (Sweden). For treatments with the DNA methylation inhibitor Zebularine (AH Diagnostics, http:// www.ahdiagnostics.com/), sterilized Arabidopsis seeds were germinated on MS medium containing 80 lM Zebularine. After 10 days, seedlings were collected for RNA extraction and ChIP assays.
RNA isolation and RT-qPCR
RNA extraction and reverse transcription were performed as described previously (Alexandre et al., 2009 ) with minor modifications. DNA-free RNA was reverse-transcribed using a RevertAid First Strand cDNA Synthesis Kit (Fermentas, https://www. thermofisher.com/). Quantitative real-time PCR (qPCR) was performed with gene-specific primers (Table S3 ) using SYBR green (Fermentas) on an IQ5 multicolor Real time PCR cycler (Bio-Rad, http://www.bio-rad.com/). The qPCR reactions were performed in triplicate, gene expression levels were normalized to a PP2A control gene and results were analyzed as described (Simon, 2003) .
Chromatin immunopreciptation and ChIP-seq
Cross-linked chromatin immunoprecipitation (X-ChIP) assays were performed as described (Exner et al., 2009) . Antibodies used for ChIP were anti-H3 (Upstate/Millipore, http://www.merckmillipore. com; catalog no. 07-690), anti-H3K9me2 (Diagenode, https:// www.diagenode.com/; catalog no. pAb-060-050), anti-H3K23me1 (ActiveMotif, https://www.activemotif.com/; catalog no. 39387) and non-immune IgG (Sigma-Aldrich, http://www.sigmaaldrich.com/; catalog no. I5006). Quantitative real-time PCR using SYBR green (Fermentas) and gene-specific primers (Table S4) was performed on an IQ5 multicolor Real time PCR cycler (Bio-Rad). Results were normalized to input and presented as the enrichment level of the given modification over the level of histone H3. Chromatin immunoprecipitation was performed in two biological replicates.
Native chromatin immunoprecipitation was performed following the procedure of Mahrez et al. (2016) with slight modifications, using 400 mg of fifth and sixth rosette leaves of 5-week-old plants grown under short-day conditions. Tissue was homogenized in Honda buffer [2.5% w/v Ficoll 400, 5% dextran T40, 0.4 M sucrose, 25 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl pH 7.4, 10 mM MgCl 2 , 10 mM b-mercaptoethanol and 0.5% Triton X-100] using a GentleMACS dissociator (Miltenyi Biotec, http://www. miltenyibiotec.com/en/). The homogenate was incubated for 15 min with gentle rotation, followed by filtering twice through Miracloth and once through 30 lM CellTrics (Sysmex, Kobe, Japan). The nuclear suspension was pelleted at 1500 g for 6 min at 4°C. Pellets were washed once with 1 ml of MNase buffer [50 mM TRIS pH 8, 10 mM NaCl, 5 mM CaCl 2 and EDTA-free protease inhibitor cocktail (Roche, http://www.roche.com/)] and resuspended in 100 ll of MNase buffer with RNase A (EN0531, Thermo Scientific, http://www.thermofisher.com/). Isolated nuclei were treated with 2 ll of Micrococcal Nuclease (13.3 units ll
À1
, Fermentas) for 7 min at 37°C. The reaction was stopped with EDTA (final concentration 10 mM) and incubated for 10 min on ice. The supernatant after centrifugation (2000 g, 4°C, 5 min) was collected and the pellet was resuspended in 100 ll of S2 buffer (1 mM TRIS pH 8, 0.2 mM EDTA and EDTA-free protease inhibitor cocktail). After incubation on ice for 30 min, the supernatant was combined with the first collected and 200 ll of N-ChIP 2 9 salt buffer (25 mM TRIS pH 8, 100 mM NaCl, 5 mM EDTA, 0.2% Triton X-100 and EDTA-free protease inhibitor cocktail) were added. The chromatin was obtained from the supernatant obtained after centrifugation at 17 000 g and 4°C. Ten microliters was kept as Input and a minimum of 100 ll of chromatin was incubated with antibodies at 4°C with rotation overnight. Protein-A Dynabeads (Invitrogen, http://www.invitrogen.com/) were added followed by continued incubation for 90 min. Beads were washed once briefly and once after a 10-min rotation at 4°C with each of three washing buffers with increasing NaCl concentration (washing buffers: 25 mM TRIS pH 8, 10 mM EDTA, 50/100/ 150 mM NaCl, 0.1% Triton X-100 and EDTA-free protease inhibitor cocktail). A final short wash was done with Tris-EDTA buffer (pH 8) and beads were immediately collected. DNA elution, de-crosslinking and purification steps were done using the IPure kit (Diagenode) following the manufacturer's protocol. The following antibodies were used: anti-Histone H3 (Sigma, catalog no. H9289) and anti-H3K23me1 (ActiveMotif, catalog no. 39387). Quantitative real-time PCR using SYBR green (Fermentas) and gene-specific primers (Table S4 ) was performed on an IQ5 multicolor Real time PCR cycler (Bio-Rad) as a quality control before library preparation. Biological duplicates were used for sequencing. Libraries were generated using the Ovation Ultralow Library System (NuGEN, http:// www.nugen.com/) following the manufacturer's protocol using 1 ng of starting material previously sonicated for 25 cycles (30 sec ON, 30 sec OFF at high power) using a Bioruptor (Diagenode). Sequencing was performed on an Illumina HiSeq2000 in 50-bp single-end mode.
Immunostaining
Immunostaining was performed as described (Jasencakova et al., 2000) with some modifications. Arabidopsis root tips were pre-fixed with paraformaldehyde, washed in MTSB buffer [50 mM piperazine-N,N 0 -bis(2-ethanesulfonic acid) (PIPES), 5 mM MgSO 4 , and 5 mM EGTA, pH 7.9], and digested for 10 min at 37°C with a PCP enzyme mixture [2.5% pectinase, 2.5% cellulase Onozuka R-10, and 2.5% Pectolyase Y-23 (w/v) dissolved in MTSB]. After washing with MTSB buffer, root tips were squashed and frozen in liquid nitrogen. Nuclei were covered with blocking solution (MTSB containing 3% BSA) for 1 h at 4°C, incubated for 1 h at 4°C with anti-H3K23me1 (ActiveMotif, catalog no. 39387) in MTSB (containing 1% BSA and 0.1% Tween 20) and kept in a humid chamber overnight. After washing (three times with MTSB for 5 min each), slides were covered for 2 h at 4°C with Rhodamine-conjugated anti-rabbit IgG antibody (Thermo Scientific) diluted in MTSB containing 1% BSA and 0.1% Tween 20. Slides were gently washed with MTSB, and DNA was stained with 1 lg ml À1 of DAPI (Vectashield; Vector Laboratories, https://vectorlabs.com/). Fluorescence signal detection and documentation was performed with a Leica DMI 4000 microscope.
Histone extraction from plants, fractionation by reversephase HPLC and identification of PTMs by liquid chromatography mass spectrometry Histone extraction from plants, fractionation by reverse-phase HPLC and PTM identification by liquid chromatography mass spectrometry (LC-MS/MS) were described previously (Mahrez et al., 2016) .
Sequence alignment of H3 amino-terminal tails
Amino acid sequences of H3 from representative eukaryotes were selected using PSI-BLAST searches. Sequences were aligned using the CLUSTALW multiple sequence alignment program implemented in MEGA5 (Tamura et al., 2011) . Visualization of the sequence alignment was performed with GENDOC; the amino acid sequences are available in the FASTA format in Table S5 .
Bioinformatics and ChIP-Seq data analysis
Reads were mapped to the Arabidopsis reference TAIR10 genome using BOWTIE2 (version 2.1; Langmead and Salzberg, 2012) . Details on read numbers can be found in Table S6 . SAM file output from BOWTIE was converted to BAM format using SAMTOOLS (version 1.4; Li et al., 2009 ) and imported into R (version 2.15.2; http://www. R-project.org/) using functions from the Rsamtools package. All subsequent analysis was performed in R. Identical reads present more than 25 times were considered as PCR artifacts and filtered out using the filterDuplReads function from package HtSeqTools. The two sequenced replicates were pooled. Each sample was normalized by the total number of sequenced reads. H3K23me1 signal was normalized to histone signal to control for variable nucleosome density using functions from the package nucleR (Flores and Orozco, 2011) . The pericentromeric heterochromatin was considered to span the regions between the following coordinates: Chr1, 11 500 020-17 696 331; Chr2, 1 100 003-7 192 918; Chr3, 10 298 763-17 289 015; Chr4, 1 500 001-2 300 002; Chr4, 2 800 003-6 300 004; Chr5, 8 999 997-5 982 772 (Copenhaver et al., 1999) . A gene score was defined as the average coverage between the TSS and the TTS. The density of CG dinucleotides refers to the total number of CGs along a given TE normalized by its length. The following data were taken from the literature: H3K4me1 (Zhang et al., 2009 ); H3K9me2 (Rehrauer et al., 2010) ; H3K4me2/3 and H3K36me2 (Luo et al., 2013) ; H3K36me3 (Mahrez et al., 2016) ; H1 (Rutowicz et al., 2015) ; DNA methylation data (Zemach et al., 2013) . For the metagene plots, the coverage values of H3K4me1/2/3, H3K36 m2/3 and H3K9me2 were scaled for plotting together with H3K23me1. Gene expression data are from Shu et al. (2012) . The expression cutoff to consider a gene as active was a value of 6 in the microarray data from Shu et al. (2012) , resulting in a set of 12 219 active protein-coding genes. The other 14 563 genes were considered as inactive. Genes carrying CG methylation in the gene body were taken from Zilberman et al. (2007) and filtered to remove genes carrying H3K9me2 or TEs.
ACCESSION NUMBERS
Sequencing reads are deposited in the Gene Expression Omnibus (GSE86498).
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